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A METHOD FOR COMBINED PARALLEL AGENT DELIVERY AND 
ELECTROPORATION FOR CELL STRUCTURES AND USE THEREOF 

Field of the invention 
The present invention relates to a highly spatially resolved method for 
the electroporation and parallel delivery of one or several different compounds 
into cell structures, such as cells, cell-like structures, or a population of cells. 

5 Preferably, at least two electrolyte-filled capillaries (EFCs), a linear array of 
EFCs, or a two-dimensional matrix array of EFCs coupled to a voltage genera- 
tor are used as a combined electroporation and delivery tool of, for example, 
multiple dyes, drugs, DNA, RNA, antisense oligonucleotides and biomolecules 
into the cytoplasm of single cells or populations of cells in a sequential or par- 

10 allel manner or combinations thereof. The invention also relates to the use of 
these methods. In particular, it relates to methods for rapid screening of drugs 
that affect intracellular chemistry, and for the identification and detection of 
intracellular proteins. 

15 Background of the invention 

Fast and reliable methods for investigating drug actions on intracellular 
chemistry are in high demand today. Such protocols could include screening 
for ligands and substrates that interact with organelle-bound receptors and cy- 
tosolic enzymes, respectively. Also methods that allow for characterization and 

20 detection of all proteins inside cells would be extremely valuable, not the least 
in the area of proteomics. Highly specific enzymes substrates and protein 
probes are available tliat makes it possible to detect particular components in 
cells. (Tsien RY, Annu. Rev. Biochem. 1998, 67, 509-44). For example, there 
are a variety of substrates available that can be employed as light switches in 

25 the substrate-product conversion step. Also, specific protein-protein interac- 
tions can be identified by the use of a fluorescence indicator coupled to protein 
splicing (Ozawa T, Nogami S, Sato M, Ohya Y, Umezawa Y, Anal. Chem. 
2000, 72, 5151-57). Although these probes and indicators are available, the 
main challenge so far in applying these probes and indicators is to introduce 

30 them into the cellular interior. Many of these probes and indicators as well as 
many other compounds for biological and medical use including drugs and 
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biomolecules that are of interest to include in cells are polar. Polar solutes are 
cell-impenneant and unable to pass biological membranes. 

Furthermore, methods that allow for the detection of DNA-protein, pro- 
tein-protein and many more interactions inside cells would be a valuable tool 
5 in many areas. Likewise, the ability to introduce viruses, bacteria, antibodies, 
and colloidal particles to cells is judged to be of importance in many areas of 
the biosciences. It is, however, difficult to transfer all these compounds and 
particles to the cytosol of a cell owing to the presence of a cell plasma mem- 
brane barrier, which acts as a physical boundary to the external solution that 

10 prevents the entiance of exogenous compounds and particles. 

It has for a long time been recognized that cell membranes can be permeabi- 
lized by pulsed electric fields (see e.g. Zimmermann, U. Biochim, Biophys 
Acta, 694, Til -111 (1982). This technique is called electroporation. It is known 
from work on electrochemical detection in capillary electrophoresis (CE) that 

15 the voltage applied over an electrolyte filled capillary (EFC) will create an 
electric field at the capillary outlet (Lu, W.; Cassidy, M. Anal Chem, 1994, 66, 
200-204). This electric field at the tip of an EFC worldng against ground po- 
tential can be used for electroporation. The same EFC that performs the elec- 
troporation also delivers the agents of interest to the cell. It can be shown that 

20 the magnitude of the electric field along the axis of symmetry of the EFC lu- 
men, extending out into solution is given by: 



Where Z is the dimensionless distance from the tip of the EFC, z/a, where z is 
distance from the EFC tip and a is the EFC lumen radius. ^ is the applied po- 
tential in volts and Lc is the length of the EFC. This equation can be integrated 
30 to find the potential drop along the cylindrical axis outside the capillary. 



25 



e(z,t)= — 




(1) 




(2) 
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The transmembrane voltage can thus be approximated from this field by using 
equation (2) as described above. 

The inventors have previously demonstrated the concept of electropora- 
tion using a singular EFC containing a homogeneous electrolyte solution (K. 
5 Nolkrantz, R. I. D. Karlsson, C. Farre, A. Brederlau, C. Brennan, P. S. Eriks- 
son, S. G. Weber, M. Sandberg, O. Orwar Anal. Chem., (2001) 73, 4469-4477; 
WO 9924110). 

Summary of the invention 

10 What is disclosed here are substantial improvements in the technology 

that allows for rapid parallel delivery, which can be performed together with 
sequential delivery in a combinatorial way, of one or more agents, such as in- 
ternalizing agents, to and into one or more cell structures using two, or pref- 
erably a plurality of, EFCs. The present invention also relates to several appli- 

15 cations of the technology. 

The present invention relates to a highly spatially resolved technique 
enabling rapid screening of drugs that affect intracellular chemistry, and for the 
identification and detection of intracellular proteins, and is based on the per- 
meabilization of phospholipid bilayer membranes by electric fields, i.e. so 

20 called electroporation. 

Rapid intracellular delivery of multiple cell-impermeable agents is 
achieved based on the use of at least two EFCs supplemented with cell-loading 
agents. A voltage or current, such as a voltage or current pulse, applied across 
an EFC gives rise to a electric field outside the terminus of the EFC thus caus- 

25 ing pore fonnation in cellular membranes. In addition, this voltage or current 
may, for example, induce an electroosmotic flow of electrolyte contained in the 
EFC. As the EFC is supplemented with cell-loading agents, the electroosmotic 
flow delivers these agents at the site of pore formation. The combination of 
pore formation and delivery of agents supplemented to the EFC electrolyte en- 

30 ables loading of materials into, for example, the cytoplasm or organelles. Dis- 
closed here is a method for parallel delivery, which may be performed together 
with parallel delivery in a combinatorial way, of one or multiple loading agents 
into a cell structure, such as to the cytosol of a cell or a population of cells or a 
similar structure based on the EFC electroporation protocol. 

35 The method according to the present invention can be used as a screen- 

ing technique for intracellular drug actions and as a technique for the identifi- 
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cation of intracellular proteins inside cells. Example of such proteins can be 
enzymes, receptors, or structural proteins. In these instances, the electropora- 
tion technique is used for the introduction of one or several protein probes (e.g. 
fluorogenic ligands or substrates) into single cells or populations of cells. 
5 These markers can be introduced in combination with drugs, substrates or 
ligands that interact directly with the target protein or proteins in the same sig- 
naling pathways. Thus both the presence of various proteins and their function 
can be obtained on the single cell level. Tools with such capabilities might be 
suited both for proteomics, and phenotype profiling, as well as for characteriz- 

10 ing the action of drugs on intracellular signaling systems or metabolic path- 
ways. In addition, the method according to the invention can be used to iden- 
tify receptor ligands and enzymes substrates in biosensor- chemical separation 
formats. To use the invention for profihng, screening and probing of e.g. intra- 
cellular proteins or drug actions inside living cells it is required that events re- 

15 lated to these interactions can be detected. This can be achieved by, for exam- 
ple, the use of selective fluorescent protein markers in combination with fluo- 
rescence microscopy. As an example, to verify the presence of a certain en- 
zyme inside a cell a polar cell-membrane-impermeant substrate that is non- 
fluorescent but after enzymatic conversion it is converted into a fluorescent 

20 product. Then an increase in fluorescence would reflect the presence of the 
enzyme in the cell as well as the enzymatic activity. The protein marker 
(fluorogenic substrate) is introduced into the cytosol of a living cell using the 
disclosed electroporation technique. The marker can also be introduced to- 
gether with a drug or an inhibitor. 

25 Thus, the present invention relates to a method for alteration of a bio- 

chemical content of cell stnicture. More precisely, the present invention relates 
to a method for parallel delivery of agents to a surface of a cell structure and 
into the cytoplasm of the cell structure, comprising the following steps: 

(a) at least two electrolyte-filled tubes are provided together with a 
30 ground or counter electrode, 

(b) the electrolyte- filled tubes are connected to a voltage or current gen- 
erator, 

(c) at least one agent is introduced into the electrolyte solution contained 
in each electrolyte-filled tube, 

35 (d) the electrolyte-filled tubes are placed at close distance to the surface 

of a cell structure, 
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(e) the agent(s) is/are transported through the electrolyte-filled tubes to 
the surface of the cell structure, 

(f) an electric field of a strength sufficient to obtain electroporation of 
the surface of the cell structure is focused on the cell structure, resulting in 

5 formation of pores in the membrane surface of the cell structure, and 

(g) the agent(s) is/are transported through the pores formed in step (f) 
and into the cytoplasm of the cell structure, 

wherein steps (a-g) are performed in consecutive order, with the excep- 
tion that the order of steps (b), (c) and (d) may be altered, and that the order of 

10 steps (e) and (f) may be altered. 

According to step (a) above, a ground or counter electrode is used. It is 
possible to use only one such ground or counter electrode, or more than one 
ground or counter electrodes such as one ground or counter electrode for each 
electi'olyte- filled tube. 

15 According to step (b) above, a voltage or current generator is used. It is 

possible to use only one such a voltage or current generator, or more than one a 
voltage or current generator. 

The expression "at close distance", used in step (d) above, means that 
the outlet end of the capillary is placed in contact with or very near the cell 

20 structure. Preferably, said close distance is less than 500 jim. 

The expression "an electric field of a strength sufficient to obtain elec- 
troporation is focused on the cell structure", used in step (f) above, means that 
an electric field is focused on or over the cell structure or the part of the cell 
structure that is to be electroporated, and that this electrical field is essentially 

25 exactly what is needed for electroporation. Preferably, the voltage generator 
generates a voltage that is from 10 mV to 100 V at the surface of the cell struc- 
ture to be electroporated, and more preferably it is from 100 mV to 2 V at said 
surface. The voltage pulse is preferably from 0.1 \xs to several minutes. By 
several is here intended e.g. 1-10 minutes. More preferably the voltage pulse 

30 is from 1 |as to 5 s, and most preferably it is less than 100 ms. 

In step (g) agent is transported into the cell structure. Either is all the 
amount of the agent delivered from the electrolyte-filled tube to the surface of 
the cell structure transported further into the cell structure, or isonly a part of 
this amount is transported further into the cell structure with the other part re- 

35 maining outside the cell surface. 
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The cell structure can be any kind of cell or cell-like structure, such as a 
cell in a primary cell culture, a cell in a tissue slice or a tissue, an in vivo cell, a 
liposome, or an intracellular cell structure, such as an organelle, as discussed 
further below. 

5 The electrolyte-filled tubes may be electrolyte-filled capillaries (EFCs), 

electrolyte-filled conically tapered tubes, and/or electrolyte-filled electrodes. 
These expressions are used interchangeably throughout this specification. 

By using parallel delivery, it is possible to deliver agents either through 
pores formed in one cell structure or through pores formed in two or more dif- 

10 ferent cell stmctures. 

Furthermore, it is possible to place more than one agent in each electro- 
lyte-filled tube. This makes it possible to combine the parallel delivery of agent 
into the cell structure with sequential delivery of agent into the cell structure in 
a combinatorial manner. 

15 The method according to the invention may be used for transferring 

multiple solutes, agents, and particles into a permeabilized cell structure. 

Brief description of the drawings 
In the description and the examples below reference is made to the ac- 

20 companying drawings, on which: 

Figure 1 shows an appropriate apparatus for electroporation of cells and 
cellular structures using the method according to the present invention. One 
embodiment is illustrated in figure la, comprising one EFC 1, connected to a 
voltage generator 2 via a first electrode 3 and a vial 4, containing an electrolyte 

25 solution of same composition as inside said EFC. This electrolyte solution is 
supplemented with an agent 5, to be introduced to the cellular structure. The 
cell structure 6 is held in physiological buffer in e.g. a petri dish 7 preferably 
equipped with a ground bath-type counter electrode 8. In the preferred em- 
bodiment shown here, the petri dish is situated on an inverted microscope stage 

30 9, and viewed through a microscope objective 10 in order to facilitate position- 
ing of the EFC tips in relation to the cell structure. The EFC is, by means of a 
three-dimensional micropositioner 11, positioned close to the cell structure. 
This is perfomied in such a way that the electric field produced between the 
electrodes is highly focused over the stmcture to be electroporated. Figure lb 

35 and Figure Ic illustrate how the embodiment of Figure la can be used for load- 
ing a cell structure 6 with a cell-impermeable agent 5. In fig. lb, the EFC 1 
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containing the cell-impermeable agent 5, is positioned by the use of a micro- 
positioner 1 1 close to the surface of the target cell structure 6. In fig. Ic, a volt- 
age pulse delivered by the voltage generator 2 is applied over the EFC. An 
electric field is thus established over the cellular structure, causing pore forma- 
5 tion due to dielectric breakdown of the cellular membrane. The applied poten- 
tial also causes electroosmotic or electrophoretic delivery of the solution con- 
tained in the EFC. Consequently, the cell-impermeable agent 5 contained in the 
EFC is delivered at the site of pore formation where the loading agent freely 
can enter the interior of the cellular target through the generated pores 19. 

10 When the electrical field is removed, the formed pores are closed and the cellu- 
lar membrane heals. 

Figure 2 shows electrolyte-filled capillaries with different tip geome- 
tries. As illustrated in fig. 2a, the EFC 1 may have a perfect cylindrical geome- 
try. It is sometimes advantageous to use capillaries 1 with tapered tip-ends as- 

15 shown in Figure 2b and Figure 2c. This is the case, in particular, for single-cell 
electroporation. In fig. 2b, a tapered EFC 1 made by pulling a glass or fused 
silica capillary in a mechanical puller with a heating filament is illustrated. The 
tip of such a capillary can be made very small, down to a few nanometers, and 
the outer diameter as well as the channel diameter is reduced. Tapered capil- 

20 lary can also be prepared created by etching in hydrofluoric acid, or by grind- 
ing. The benefit of this approach is that only the outer diameter of the capillary 
is reduced whereas the inner diameter remains unaffected. This type of capil- 
lary is illustrated in fig. 2c. Capillaries can also be made having conductive tips 
as illustrated in Figure 2d and Figure 2e. The advantage of these hollow capil- 

25 laries with conductive tips is that shorter pulse times can be applied with high 
precision because of low RC time constants. The capillary in Fig. 2d has the 
electrode 3 on the inside, and the capillary shown in Fig. 2e has the electrode 3 
on the outside. 

Figure 3 illustrates delivery of cell-loading agents using multiple EFCs 
30 1 arranged in arrays. Such arrangements of capillaries 1 can be linear arrays 12 
as shown in figure 3a, or two dimensional arrays 14 as shown in figure 3b. 
These arrays of capillaries can be held together by a holder 13. For electropora- 
tion of cell-loading agent delivery to a single cell in rapid sequence, an array of 
EFCs is swiftly moved over a cellular target, as illustrated in fig 3c-e. 
35 Figure 4 shows a special type of EFC array, namely an EFC of multiple 

barrel-type 15 wherein the EFC comprises several barrels 5 or channels 5, each 
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equipped with an individually addressable electrode 3 and filled with a single, 
or several, cell-loading agents 5 as illustrated in figure 3a (side view is illus- 
trated at left side and fi:ont view at the right side). By sequential voltage appli- 
cation in individual barrels it is possible to sequentially deliver controlled 
5 amounts of loading agents using this arrangement. 

Figure 5 illustrates cell-loading agent delivery accomplished by using 
microfluidic switches for sequential loading of an EFC to obtain discrete zones 
of cell-loading agents in said EFC. This concept is illustrated in fig. 5a, where 
one EFC 1 is connected via a microfluidic switch 16 and feeder EFCs 17 to six 

10 different vials 4 containing different loading agents. The vials are equipped 
with individually addressable electrodes 3. By sequential application of a volt- 
age pulse to each vial 4, cell-loading agents are pumped via the feeder EFCs 
into the microfluidic switch where they enter the main EFC 1 in a sequential 
manner. Discrete bands of cell-loading agents are thus formed in the main EFC 

15 that can be introduced for the electroporation target 6. This loading procedure 
is illustrated in fig. 5b-d. 

Figure 6 illustrates one example of parallel electroporation of cells 
grown in patterns on a surface or cells contained in multiple wells in a multi- 
well plate. Cells grown in patterns on a surface or cells contained in multiple 

20 wells in a multi-well plate are ideally suited for the two dimensional (2-D) 
EFC array format here illustrated. In each case a single capillary outlet targets 
a specific cell 6 or a population of cells 6 on a surface or, as illustrated here, in 
a well stRicture 18, 

Figure 7 shows one embodiment for parallel delivery of cell-loading 

25 agents with the present invention. Each EFC 1 in an array is here connected to 
a microfluidic switch 16 enabling loading of multiple cell-loading agents into 
the EFC in sequence to obtain discrete zones of said cell-loading agents in said 
EFC. Because several different cell-loading agents contained in separate vials 
can be selected, each EFC in the array can be loaded with any given se- 

30 quence/combination of cell-loading agents. In figure 7a, several individual 
cells, located in separate wells in a multi-well structure 18, are subjected to 
simultaneous (parallel) electroporation after sequential delivery of cell-loading 
agents. This setup also allows combinatorial delivery of cell-loading agents as 
illustrated in figure 7b where each EFC in the array is loaded with different 

35 sequences of cell-loading agents. 
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Figure 8 is a plot of fluorescence versus time from identification of in- 
tracellular rhyanodine type II receptors in fluo-3-stained NG108-15 cells. 

Figure 9 shows the results of detection of intracellular proteases using 
casein-BODIPY-FL. 
5 Figure 10 shows the results of identification of alkaline phosphatase in 

NG108-15 cells. 

Detailed description of the invention 
As stated above the present invention relates to a highly spatially re- 

10 solved method for electroporation and parallel delivery, possibly combined 
with sequential delivery, of single or multiple cell-loading agents to at least 
one cell structure, such as a cell or cellular structure, in order to transfer said 
cell-loading agents into said cell structure. More specifically, the disclosed 
method uses at least two electrolyte-filled capillaries (EFCs) coupled to a volt- 

15 age or current generator for electroporation of the cell structure wherein the 
EFCs are placed adjacent to the cell structure and a voltage or current, such as 
at least one voltage pulse, is applied across the EFCs generating a small elec- 
tric field outside the terminus of each EFC, which causes pore formation in the 
membrane of the adjacent cell structure. Single or multiple cell-loading agents 

20 contained in the EFCs is/are delivered in a parallel manner at the sites of pore 
formation, for example by a mode of pumping, allowing the cell-loading 
agent(s) to translocate the membrane and enter the interior of the cell structure 
through thepores. In one embodiment, the agents to be loaded into the cells can 
be selected from a number of containers containing said agents in a combinato- 

25 rial fashion. The combination of pore formation and delivery of agents sup- 
plemented to the electrolyte-solution of the EFCs, enables loading of materials 
into , for example, the cytoplasm of the cell structure. This is fiirther shown in 
Figure 1. 

It is stated above that the invention may be used for delivery of mem- 
30 brane-impermeant cell-loading agents to and/or into a cell stracture. Thecell 
structure may be either one or several cells or one or several cellular structures. 
If it is one or several cells, these may be any kind of eukaryotic or prokaryotic 
cell in confluent culture, tissue slice or tissue. The cell structure may be pre- 
ti-eated before electroporation. It may, for example, be loaded with a dye such 
35 as fluo-3-AM ester for detection of binding events that results in increased 
concentrations of calcium ion in the cytosol or it may be transfected with a re- 
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porter gene or other genetically addressable molecular systems. The cell struc- 
tures may also be treated by other chemical or physical means, for example in 
a recording chamber. For example, drugs of interest may be added to the cell 
bathing solution before during or after the electroporation event. Delivery of 
5 such agents can be made through an additional capillary or pipette in connec- 
tion with the recording chamber either in bulk fashion (to all cells or cell struc- 
tures or a majority of cells or cell structures) or locally (to a single cell or a 
single cell structure). It is also possible to use a population of cells, preferably 
a population of cells or a small population of cells, such as 2 to 10,000,000 

10 cells or 2 to 10,000 cells, in a confluent culture, a tissue slice, a tissue, or an 
organ, or cells patterned on a surface. Said cellular structure may be an intra- 
cellular structure, an organelle (isolated or intracellular), a membranous vesi- 
cle, a bacterium or a nanobacterium. It is also possible to use the method ac- 
cording to the present invention on cell structures formed of synthetic mem- 

15 brane structures such as liposomes or emulsion droplets. 

With the method according to the invention, it is possible to introduce 
essentially any kind of substance, agent or cell-loading agent into the electro- 
porated cell structure. With a cell-loading agent is meant an agent that most 
often is polar and is unable to pass biological membranes spontaneously. Ex- 

20 amples of such substances or cell-loading agents include, but are not limited to, 
the following agents: genes, gene analogs, RNA, RNA analogs, DNA, DNA 
analogs, colloidal particles, receptors, receptor ligands, receptor antagonists, 
receptor agonists, receptor blockers, enzymes, enzyme substrates, enzyme in- 
hibitors, enzyme modulators, including allosteric enzyme modulators, proteins, 

25 protein analogs, amino acids, amino acid analogs, peptides, peptide analogs, 
metabolites, metabolite analogs, oligonucleotides, oligonucleotide analogs, 
antigens, antigen analogs, haptens, hapten analogs, antibodies, antibody ana- 
logs, organelles, organelle analogs, cell nuclei, bacteria, viruses, gametes, inor- 
ganic ions, organic ions, metal ions, metal clusters, agents that affects cellular 

30 chemistry, agents that affects cellular physics, polymers as well as any 
combination of two or more of these agents. 

The electrolyte filled capillaries (EFCs) used are preferably made of an 
electrically insulating material in order to confine the established electrical 
field and can be made of glass, fused silica, plastic or polymer, such as Teflon, 

35 or any other suitable material. It is also possible to use capillaries with conduc- 
tive tips. The geometry of the capillaries may be a perfect cylinder with flat 
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ends as shown in Figure 2a. It is sometimes advantageous to use a tapered cap- 
illary as shown in Figure 2b, in particular, for single-cell and organelle- 
electroporation. Such tapered capillaries can be made by pulHng a glass or 
fused silica capillary in a mechanical puller with a heating filament (A. 

5 Lundqvist, J. Pihl, O. Orwar, KAnal Chem. (2000) 72 5740-5743). Tapered 
tips can additionally be created by etching in hydrofluoric acid, or by grinding. 
The benefit of grinding is that only the outer diameter of the capillary is re- 
duced whereas the inner diameter remains unaffected, therefore there is no ad- 
ditional pressure build-up in the tip region in this type of capillary. This type of 

10 capillary is illustrated in figure 2c. 

The length of the capillaries maybe from 0.01 mm up to several meters 
depending on application. Because the voltage drops continuously over the 
capillary, voltage sources should be chosen accordingly to ascertain that large 
enough voltages may be applied to cause pore-formation in the targeted cell or 

15 cellular structure. The outer diameter and channel dimension of the capillary 
depends on application. In general terms, the diameter of the end of the EFC 
closest to the cell structure is from a few nanometers to several thousand mi- 
crometers, such as from 50 nm to 5,000 [im. For single cell and organelle elec- 
troporation it is often suitable to use capillaries with an outer diameter of 0.03- 

20 50 |im and a channel diameter of 0.025-49 |im whereas for electroporation of 
small populations of cells capillaries larger than 50 |im are preferably used. 

When using electrically insulating capillaries, the electrical current 
needed for electroporation of a cell structure is carried by the electrolytes con- 
tained in the solution in the inner channels of the capillaries. The electrodes, 

25 preferably Pt-electrodes, that feeds current supplied by a voltage generator into 
the capillary system, can be connected directly to the back-end of the electro- 
lyte-filled capillary or via a vial containing the same electrolyte solution as in- 
side the EFC. Because the vial containing the electrode and the capillary inlet 
is, typically, several centimeters away from the capillary outlet there will be no 

30 problems with electro-generated species that potentially can harm the cells. 
Sometimes it is preferable that the vial also contains the agents to be internal- 
ized into the cell structure. It is also possible to place the electrode inside the 
electrolyte-filled capillary. This is preferable when using capillaries of very 
short length. Depending on the composition of the buffer the conditions are 

35 changed at the electrodes. Electrochemical reactions at the electrodes, e.g. re- 
duction of water and oxidation of chloride, cause some loss in voltage and the 
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effective voltage should be calculated for every given set of electrode materials 
and buffer systems. 

Capillaries can also be made with layers of conductive materials at their 
tip as shown in Figure 2d-e. The advantage of such hollow capillaries with 
5 conductive tips is that shorter pulse-times can be applied with high precision 
because of low RC time constants. 

It is stated above that the fluid containing the cell-loading agents is de- 
livered to the cell stmcture by some mode of pumping. This mode of pumping 
may, for example, be electroosmosis, electrophoresis, pressure based pumping 

10 or gravitational flow or combinations thereof Preferably electrophoretic or 
electroosmotic transport of fluid is used for reagent delivery. It is important to 
note that these modes of pumping require that the inner surface area of the cap- 
illary be electrically charged. When electroosmosis or electrophoresis is not 
used for pumping, any appropriate apparatus for creating the flow such as a 

15 peristaltic pump, a microinjector/micropump or other devices for driving fluids 
needs to be connected to the inlet of the EFC either before, during, or after 
electroporation. It may sometimes be advantageous to deliver agents to cells 
using a pumping method and apply electric pulses for electroporation periodi- 
cally. For example, a volume of electrolyte contained in an EFC is pumped 

20 using a peristaltic pump to the cell surface and the electroporation voltage is 
turned on whereafter the electroporation voltage is turned off, and a new vol- 
ume of electrolyte is pumped to the cell surface through the same EFC and the 
electroporation voltage is again turned on whereafter the electroporation volt- 
age is tumed off and so on. This type of delivery with periodic electroporation 

25 may, in particular, be advantageous when segmented bands (discrete zones) of 
different cell-loading agents are present in the EFC. Such bands may be ob- 
tained using the microfluidic switching method described below. In addition to 
the example above many different schemes can be envisioned in which the 
voltage generator is programmed or manually controlled to provide for optimal 

30 loading conditions for different types of cell-loading agents and cells. Thus, 
both pulse duration, waveform, pulse amplitude, and other pertinent parameters 
may be changed during the course of cell-loading using an EFC. Thus, it is 
preferable that according to the present invention, a programmable voltage 
generator is used. 

35 One or several EFCs for electroporation can be used together with a sin- 

gle counter, or second, electrode of different size and material. The electrodes 
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can be placed adjacent to a cell for electroporation of the cell membrane. Pref- 
erably, a counter electrode that keeps the cell-bathing solution at ground poten- 
tial is used. 

The EFC is, as the term implies, filled with an electrolyte-containing so- 

5 lution. Preferably physiological buffers are used. The cell-loading agents to be 
introduced into the cytosol of the cellular target is preferably supplemented to 
this electrolyte containing solution. In addition, the EFC may be supplemented 
with drugs, or agents, interacting with targets located in the cell plasma mem- 
brane . Such targets includes plasma-membrane-bound receptors and enzymes. 

10 Injection, or filling, of an EFC can be achieved in several different ways using 
standard techniques for filling CE capillaries. For example, the electrolyte 
solution is injected into the capillary hydrodynamically, using gravity flow or 
by using some mode of pressure based pumping. 

It is sometimes preferable to load the capillaries from the tip end using 

15 capillary forces or aspiration/suction. This procedure can be used to load a plu- 
rality of EFCs simultaneously. The tips of the EFCs are positioned in individ- 
ual vials containing cell-loading agents and a small sample is introduced into 
the EFCs using any of the above mentioned methods. 

The voltage pulse for creating pores in cell membranes delivered by a 

20 voltage generator, may have a waveform that can be square, exponential, or of 
any other form. It is also possible to use both DC currents and AC currents. 
Because the voltage drops continuously over the capillary, voltage sources 
should be chosen accordingly to ascertain that large enough voltages may be 
applied to cause pore-formation in the targeted cell or cellular structure. The 

25 electrical fields needed to cause electroporation vary largely depending on the 
type and the size of the treated cell structure. As stated above, it is also possi- 
ble to vary the potential and waveform over the EFC during the time course of 
agent delivery to a cell structure, i.e. delivery and electroporation is not per- 
formed at a constant electric potential or electric field strength. Such voltage 

30 programming is preferably used when several compounds are introduced to a 
cell structure in a sequential manner. The duration of the voltage pulse may 
vary from a few microseconds to several minutes, depending on the type and 
the size of the treated cell structure as well as depending on the nature of the 
cell-loading agent. 

35 During application of the voltage or current pulse, the cell structure is 

permeabilized through pore formation, allowing polar solutes that otherwise 
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cannot pass through the biological bilayer membranes, to enter the interior of 
the cell structure through diffusion or hydrodynamic flow. The spatial resolu- 
tion of the method according to the invention is dictated by the tip-size of the 
EFC, which can be made to be only a few nanometers in diameter, the applied 
5 voltage and the gap distance between the EFC and the electroporation target. 
This gap distance depends mainly on what type of cellular structure is to be 
electroporated and may thus vary between a few nanometers to a few hundred 
micrometers. 

Positioning of the EFC is preferably achieved by the action of manually 
10 controlled micropositioners such as hydraulically or piezoelectrically con- 
trolled micromanipulators. In addition to using manually controlled microposi- 
tioners it is feasible to use automatically controlled or robotically controlled 
micropositioners. Rather than moving the capillary while keeping the cell 
fixed, it is also possible to use motorized translation stages mounted on micro- 
15 scopes or other similar devices for moving the cell while keeping the capillaiy 
fixed. 

When using the method according to the invention for intracellular 
screening applications, preferably a large number of different cell-loading 
agents are introduced to the cytosol of one or several cells, or cellular struc- 

20 tures, in a controlled fashion. Screening is preferably achieved using parallel 
delivery, possibly combined with sequential delivery, of loading agents to the 
cellular target and may, for example, be accomplished as described below. 

Parallel delivery of multiple cell-loading agents may be achieved using 
EFC arrays. Arrays of EFCs may be fabricated using microfabricatioii tech- 

25 niques, thus comprising one solid structure, or be composed of several conven- 
tional EFCs held together by some type of holder or scaffold. These arrange- 
ments of capillaries can be one- dimensional arrays (linear), or two-dimensional 
arrays. Preferably arrays of 10-100,000 EFCs are used. 

Parallel electroporation and delivery enables simultaneous screening of 

30 several physically separated single-cells, or populations of physically separated 
cells, in a parallel fashion. 

According to one embodiment the cell structure consists of cells grown 
in patterns on a surface or cells contained in multiple wells in a multi-well 
plate, as illustrated in figure 6. The plate may, for example, be a standardized 

35 industrial plate having, for example 96 wells. In parallel cytosolic delivery of 
cell-loading agent each single capillary outlet in an array of capillaries targets a 
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specific cell or a population of cells on a surface or in a well structure. Thus, 
individual cells or populations of cells can be individually targeted with the 
same, or different, compounds that are internalized into the cytoplasm simulta- 
neously. 

5 A preferred embodiment for parallel screening with the present inven- 

tion is illustrated in figure 7. 

The parallel delivery of cell-loading agents can be performed together 
with sequential delivery of cell-loading agents in a combinatorial fashion. Such 
combinatorial deliveiy may be achieved by selection of cell-loading agents to 

10 each EFC from a plurality of containers containing said cell-loading agents as 
shown in figure 3b. It may also be achieved by activating different EFCs in an 
array of EFCs where each EFC contains different cell-loading agents. It may 
also be achieved by loading of agents in specific order into a single EFC using 
a microfluidic switching devices as shown in figure 7. 

15 There are several embodiments of sequential delivery suitable for use 

together with the parallel delivery according to the invention. Below are some 
examples of suitable embodiments given. 

According to one embodiment, sequential delivery of multiple cell- 
loading agents is achieved using EFC arrays. Arrays of EFCs may be fabri- 

20 cated using microfabrication techniques, thus comprising one solid structure, 
or be composed of several conventional EFCs held together by some type of 
holder or scaffold. These arrangements of capillaries can be one-dimensional 
aiTays (linear), or two-dimensional arrays. Preferably arrays of 10-100,000 
EFCs are used. To achieve sequential delivery of loading agents in this em- 

25 bodiment of using EFC arrays, each EFC contains one type of loading agent or 
a unique mixture of several loading agents. Sequential delivery can be 
achieved by swiftly moving the array of EFCs over a cellular target in rapid 
sequence, each EFC is causing electroporation and subsequent delivery of one 
type of loading agent or unique mixture of several loading agents. Instead of 

30 moving the array of capillaries, it is also possible to move the cell structures in 
relation to spatially fixed capillaries. Fluidic pumping in these arrays can be 
generated by any of the pumping modes discussed above. Examples of one- 
and two-dimensional arrays that according to this embodiment may be used for 
sequential cell-loading agent delivery are illustrated in figure 3. A special type 

35 of array is the multiple barrel-type EFC illustrated in fig 4. This capillary is 
characterized by having several inner channels. To achieve cytosolic delivery 
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of cell-loading agents or unique mixture of several loading agents, each barrel 
in the capillary is filled with a single type of loading-agent or unique mixture 
of several loading agents and equipped with an individually addressable elec- 
trode. By sequential activation of individual barrels, i.e. by consecutive appli- 

5 cation of voltage pulses in single channels, it is possible to sequentially deliver 
controlled amounts of loading agents to cells or cellular structures. This type of 
multi-barrel electrode can also be used for parallel delivery of agents to a cell 
structure by simultaneously applying voltage to more than one channel. Fluidic 
pumping in multiple barrel EFCs is preferably achieved by using electroosmo- 

10 tically or electrophoretically generated flow. The number of different agents 
that can be delivered with this approach is, however, limited by the number of 
barrels in the EFC. It is also possible to create arrays of multiple barrel-type 
EFCs as discussed above. 

According to another embodiment, sequential delivery of multiple cell- 

15 loading agents is achieved by connecting a conventional EFC to a microfluidic 
switch for sample stacking. In this configuration a plurality of loading agents 
can be sequentially introduced into the EFC and subsequently be delivered to a 
single or several cellular targets. The cell-loading agents can be introduced in 
discrete zones in the EFC by any of the pumping modes discussed above. Ei- 

20 ther the EFC is preloaded with cell-loading agents before electroporation ex- 
periments or the EFC is loaded on-the fly, that is during electroporation ex- 
periments. An example of this second embodiment is illustrated in figure 5. 

According to yet another embodiment, sequential delivery of multiple 
cell-loading agents is achieved by introducing a separation step while pumping 

25 the fluid through the EFC. When using electrophoretic pumping for delivery of 
reagents, all species present in the electrolyte solution is separated based on 
their charge-to-fiictional drag ratio and will be delivered in a sequential man- 
ner at the cellular target. Analogously, sequential reagent delivery can be 
achieved by incorporating any separation technique applicable to the EFC for- 

30 mat, for example, it is feasible to utilize chromatographic separation tech- 
niques. 

Thus, the present invention may be used in rapid intracellular screening 
appHcations comprising any of the following modes: 

1. Intracellular delivery of membrane-impermeant cell-loading 
35 agents to a single cell or population of cells of one cell type. 

2. Intracellular dehvery of membrane-impermeant cell- 
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loading agents to physically separated single cells or population of 
cells of the same cell-type. 

3. Intracellular delivery of membrane-impermeant cell-loading 
agents to physically separated single cells or population of cells of 

5 different cell-types. 

4. Sequential intracellular delivery of membrane-impermeant cell- 
loading agents to a single cell or population of cells of one cell type 

5. Sequential intracellular delivery of membrane-impermeant cell- 
loading agents to physically separated single cells or population of 

10 cells of the same cell-type. 

6. Sequential intracellular delivery of membrane-impermeant cell- 
loading agents to physically separated single cells or population of 
cells of different cell-types 

7. Parallel intracellular delivery of membrane-impermeant cell- 

15 loading agents to a single cell or population of cells of one cell type. 

8. Parallel intracellular delivery of membrane-impermeant cell- 
loading agents to physically separated single cells or population of 
cells of the same cell-type. 

9. Parallel intracellular delivery of membrane-impermeant cell- 

20 loading agents to physically separated single cells or population of 

cells of different cell-types. 

10. A combination of parallel and sequential intracellular delivery of 
membrane-impermeant cell-loading agents to a single cell or popula- 
tion of cells of one cell type. 

25 1 1 . A combination of parallel and sequential intracellular delivery of 

membrane-impermeant cell-loading agents to physically separated 
single cells or population of cells of the same cell-type . 

12. A combination of parallel and sequential intracellular delivery of 
membrane-impermeant cell-loading agents to physically separated 

30 single cells or population of cells of different cell-types. 

13. Any mode of intracellular delivery of cell-loading agents de- 
scribed above (1-12) that is used in a combinatorial fashion. 

The most important applications of the method according to the present 
invention, is for use in drug screening and protein identification. In particular, 
35 by applying a permeabiHzing electric field over cells or cellular structures, spe- 
cific probes (markers), substrates or ligands can be introduced into the cyto- 
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plasm to screen for intracellular chemistry such as cytosohc enzymes and re- 
ceptors on organelles. More specifically, this would allow screening of intra- 
cellular drug action as well as assaying of intracellular proteins such as en- 
zymes, receptors or structural proteins. Using the method according to the pre- 
5 sent invention, these markers can be introduced in combination with drugs or 
ligands that interact directly with the target protein or proteins in the same sig- 
naling pathways. Thus, according to the present invention it is possible to char- 
acterize, even on the single cell level, botji the presence of various proteins and 
their function. Blocking of particular pathways with specific ligands, antago- 

10 nists, inhibitors or modulators might enable control of cellular processes and 
provide leads for novel systems. Such compounds can be introduced to a cell 
either by co-electroporating them using an EFC with the ligand of interest. Al- 
ternatively, they may be intemalized in a cell structure by other means, for ex- 
ample, cell-permeable agents may be employed . 

15 In general terms, the method according to the invention can be used in 

the following, non-limiting, areas of appUcations: proteomics, genomics, phe- 
notype profiling, drug assays and screening, pharmacokinetics, in vitro fertili- 
zation, transgenics, nuclear transfer, organelle transfer, and diagnostics. Also, 
because the technology can be used to change properties of cells, i.e., cell- 

20 programming and that this programming can be performed in networks of cells 
the invention is also useful in design and application of biological and chemi- 
cal computers as well as biosensors. Likewise the invention can be useful in 
robotics, in particular, to create cell circuits with specific properties such as 
cellular sensory networks and cellular control networks. 

25 The method according to the invention may also be combined with 

screening techniques for surface plasma membrane epitopes or receptors. Thus, 
for example, a receptor ligand acting on a cell plasma membrane receptor may 
be combined in the EFC electrolyte with one or several drugs acting on intra- 
cellular chemistry. The solution can then be delivered to the cell surface at low 

30 non-permeabilizing or zero electric iSelds, and after the ligand acting on a cell 
plasma membrane receptor has bound to the receptor, the internalizing agents 
are introduced into the cell with electroporation. Such methods might in par- 
ticular be suitable for characterization of signaling pathways. 

More specific, but still non-limiting, applications in which the method 

35 according to the invention can be used are gene transfection, gene identifica- 
tion, enzyme identification, protein identification, receptor identification, bind- 
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ing assays, enzyme assays, competitive enzyme assays, non-competitive en- 
zyme assays, enzyme assays with modulators, enzyme assays with isosteric 
inhibitors, receptor assays, receptor assays with antagonists, receptor assays 
with modulators, viral assays, bacterial assays, drug assays, kinetic assays, 

5 modification of metabolic pathways, and modification of signaling pathways. 

Specifically, the method according to the invention is very suitable for 
identification of intracellular receptor and receptor ligands. 

Intracellular receptors and ion channels that cause release of signaling 
molecules such as Ca^"^, cAMP, K"^ etc. can be identified and studied using 

10 ligand libraries that are electroporated into cells, preferably in combination 

with selective receptor antagonists. For example, Ca^^ released from intracellu- 
lar stores upon activation of an intracellular receptor can be detected using 
fluorogenic chelating agents such as mag-fura-2 and fluo-3. As an example we 
here show identification of ryanodine receptors of the endoplasmic reticulum 

15 (Figure 8). Furthermore, to identify the receptor, or to reveal receptor-ligand 
interactions, a selective receptor antagonist may be used and electroporated 
into the cell to selectively block the action of the ligand. In addition to fluores- 
cence probes, radio ligands, blotting or electrophysiological methods, and 
fluorogenic substrates can be used. Fluorogenic markers are often cell- 

20 permeant esters that can be added to the cell bath medium and need not be 

electroporated into cells. Thus using such esters, cells can be loaded with dyes 
before electroporation experiments. By having the abihty to introduce both a 
receptor agonist in addition to a marker for the specific receptor activation it is 
possible to identify the most potent receptor agonist firom a library of agonists. 

25 It is also possible to design experiments to obtain dose-response curves. For 
example, with the method according to the present invention it is possible to 
introduce both a receptor agonist and a receptor antagonist into the cell cytosol 
at different concentrations of the respective compound in addition to a marker 
for the specific receptor activation. It is also possible to introduce both a recep- 

30 tor agonist and a receptor antagonist into the cell cytosol at different concentra- 
tions of the respective compound with the overall aim to find out the nature of 
the receptor agonist and the receptor antagonist binding, i.e. whether it is com- 
petitive or non-competitive, etc. In addition to identification of receptors, and 
ligands also the so-called "ligand fishing" or "de-orphaning" can be performed 

35 in this way. A cell with a known set of receptors is used as detectors and a li- 
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brary of potential sample of ligands are introduced to the cell cytosol to screen 
for the actions of these ligands. 

Furthermore, the invention is suitable for identification of intracellular 
enzymes and enzyme substrates. 

5 Highly specific enzymes substrates that results in fluorescent products 

can be used for protein/enzyme identification in, for example, proteomics and 
phenotype profiling of individual intracellular systems using the technique ac- 
cording to the invention. The synthetic substrate, possibly in combination with 
a drug, inhibitor, or modulator, can be introduced into the cell using electropo- 

10 ration according to the present invention. There are a variety of substrates 
available that can be employed as light switches in the substrate-product con- 
version step. Such substrates includes substrates for esterases, sulfatases, phos- 
phatases, and so on. Either substrate is fluorescent and the product is non- 
fluorescent or vices versa. 

15 For coupled reaction systems within cells - , for example, the degrada- 

tion of alcohol by the alcohol dehydrogenase that utilize the conversation of 
NAD*^ to — NADH, thus causing a shift in fluorescence -the target molecule 
need not be fluorescent as long as it is coupled to a reaction that yields a de- 
tectable molecule. Other examples of such native fluorescent compounds in 

20 cells are NADPH and flavines. 

Chemical amplification with enzymes can also be used to increase the 
sensitivity of the system (W. J. Blaedel, R. C. Bougslaski, Anal Chem 1978, 
50, 1026; H.U Bergmeyer in H.U. Bergmeyer (ed) methods of Enzymatic 
Analysis, verlag Chemie/Academic Press, New York 1974 voll p 13 1). The 

25 principle of this method is to use enzymes that tum the substrate into products, 
and thus cause a large concentration change firom substrate, which may be dif- 
ficult to measure, into products, which can be readily measured. 

One example of a fluorogenic substrate is fluorescein diphosphate 
(FDP) that can be used for detection of phosphatases. The substrate is hydro- 

30 lyzed by alkaline phosphatase and yield the fluorescent product fluorescein. 
Another system is the casein- BODIPY PL, which is substrate for metallo-, 
serine, acid and sulfiiydryl proteases, including cathepsin, chymotrypsin, elas- 
tase, papain, pepsin, thermolysin and trypsin. Other examples of systems are p- 
galactosidase where the substrate is fluorescein di-P-D-galactopyranoside 

35 (FDGP) which sequentially hydrolyzed by p-galactosidase, first to fluorescein 
monogalactoside (FMG) and then to highly fluorescent fluorescein. 
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Figure 9 shows the experimental result of using Fluorescein diphosphate 
(FDP) to target the intracellular enzyme alkaline phosphatase that catalytically 
hydrolyses the phosphoester-bonds on the substrate so that the highly green- 
fluorescent product fluorescein is formed in the cytosol (figure 9A-C). The 

5 substrate fluorescein diphosphate (FDP) was supplemented to the electrolyte of 
the EFC into the cell. The substrate is non-fluorescent and the product is fluo- 
rescent. The fluorescence obtained in the cell in figure 9B, which indicates the 
presence of the product, signals also the presence of the enzyme. 

Protein-protein interactions are complex and involve many processes. 

10 Blocking of particular pathways with specific ligands might enable control of 
cellular processes and provide leads for novel systems (Zutshi R, Brickner M, 
Chmielewski J, Inhibiting the assembly of protein-protein interfaces, Curr. 
Opin. Chem. Biol. 1998 2 62-66).For example, the intracellular protease activ- 
ity was investigated using a protein, casein, which was heavily loaded with the 

15 green-fluorescent molecule BODIPY FL, as enzyme substrate, hi solution, ca- 
sein-BODIPY FL is folded so that the quaternary arrangements in the molecule 
quench the fluorescence. When the peptide bonds are cleaved, by the action of 
cytosolic proteases, segments of free peptides tagged with BODIPY FL starts 
to fluoresce. Images in figure lOA-C, show the identification of proteases in a 

20 single NG 108- 15 cell. 

The invention will be further illustrated in the examples below, which in 
no way limit the scope of the invention. 

Example 1 

25 Detection of the intracellular receptor rvanodine tvoe II 

Fluo-3 AM ester was firom Molecular Probes (Leiden, The Netherlands). 
Cyclic ADP ribose and the chemicals used for buffer solutions, were all of ana- 
lytical grade and purchased from Sigma (St. Louis, MO, USA). All solutions 
were made in distilled water firom a Milli-Q system (Millipore). 

30 NG108-15 cells were plated on no. 1 cover slips or in a Petri dish and 

allowed to grow for 1-3 days. Cell dishes were mounted in a circular polycar- 
bonate holder and transferred to the stage on the microscope. Prior to experi- 
ments the culture medium was replaced by a HEPES buffer (NaCl 140 mM, 
KCl 5.0 mM, MgClz 1.0 mM, CaCh 1.0 mM, D-glucose 10 mM, HEPES 10 

35 mM, pH was adjusted to 7.4 with NaOH). 
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The cells were stained with fluo-3 AM ester by incubating the cells for 
30 minutes in dye solution (10 ^iM fluo-3 AM ester in HEPES buffer) at room 
temperature. To remove excess uncaptured dye, the cells were washed three 
times in HEPES buffer and stored for an additional 30 minutes in HEPES 
5 buffer before the experiment. 

Excitation of fluorophores was performed with an Ar^-laser (Spectra- 
Physics 2025-05, Sunnyvale, CA). The laser beam was sent through a spinning 
disk to break the coherence, a 488 nm line interference filter (Leica 1-3 filter 
cube), and focused onto the cover slips using a 40x objective (Leica 0.9 N.A.) 
10 mounted in an inverted microscope (Leica DMIRB, Wetzlar, Germany). Im- 
ages were recorded with a 3-chip color CCD-camera (Hamamatsu C6157, Ki- 
sta, Sweden). 

Electroporation was performed with an electrolyte-filled capillary (30 
cm long, 50 )iim id., 375 \xm o.d.) positioned 20-35 jim above the cell with a 

15 high-graduation micromanipulator (Narishige, MWH-3, Tokyo, Japan). To 
position the EEC at a specific distance, the cell was first brought in focus by 
observing the cell in the microscope. Then the focus was changed using the 
micrometer markers on the focusing knob of the microscope to the desired dis- 
tance above the cell. The EFC was lowered until the lumen of the EFC came in 

20 focus. After the right position was set, the focus was returned to the cell. The 
cell-bathing medium was grounded with a platinum wire. A pulse was applied 
with a DC high voltage power supply (model ARB 30, Bertan, Hicksville, NY, 
USA) for a duration of 5-20 seconds. 

The agonist cyclic ADP ribose was used to detect the ryanodine receptor 

25 type II in NGl 08-1 5 cells. Cyclic ADPR (500 ^M) was added to the electro- 
lyte of the EFC. When the high voltage pulse was applied, pores were formed 
in the cell plasma membrane while the introduction of the agonist into the cell 
was improved by the electroosmotic administration of the agonist toward the 
cell surface. When the agonist binds to the ryanodine receptor on ER, calcium 

30 is released into the cytosol. The ryanodine receptor type II was detected by 

adding cADPR (500 \iM) to the electrolyte of a 50 |im id, 30 cm long EFC. 10 
kV was applied for 10 seconds. Upon activation, the ryanodine receptor trig- 
gers a release of calcium ions from ER, which bind to fluo-3 and the increase 
in fluorescence, was measured (Figure 8). Different cells responded slightly 

35 differentiy to the stimulation and therefore three response curves (upper traces) 
are shown. The response-rate was 60 % (n==17). The voltage pulse was applied 
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after 20 seconds. The lower trace is a blank runs where intracellular buffer was 
introduced using the EFC. A small decrease in fluorescence can be observed 
due to leakage of dye through the formed pores. Using dyes, such as fura-2, 
which enters the ER, such effects are largely avoided. 

5 

Example 2 

Detection of intracellular enzymes L Detection of proteases 

Casein BODIPY FL was obtained from Molecular Probes (Leiden, The 
Netherlands). The chemicals used for buffer solutions were all of analytical 
10 grade and purchased from Sigma (St. Louis, MO, USA). All solutions were 
made in distilled water from a Milli-Q system (Millipore). 

Cell culturing and preparations were made according to methods used in 
example 1 above, and apparatus and instrumentation was the same as in exam- 
ple 1. 

15 Electroporation was performed as in example 1 and an EFC (30 cm 

long, 50 |im id., 375 \im o.d.) was used. Casein BODIPY FL was used in a 
concentration of 100 ^g/ml and electroporated into cells using a 10 second 
pulse at 10 kV. 

The results of detection of intracellular proteases using casein- 
20 BODIPY-FL is shown in Figure 9. Specifically, the intracellular protease activ- 
ity was investigated using a protein, casein, which was heavily loaded with the 
green-fluorescent molecule BODIPY FL, as enzyme substrate. In solution, ca- 
sein-BODIPY FL is folded so that the quaternary arrangements in the molecule 
quench the fluorescence. When the peptide bonds are cleaved, by the action of 
25 cytosolic proteases, segments of free peptides tagged with BODIPY FL starts 
to fluoresce. Images in figure 9A-C, shows the identification of proteases in a 
single NG108-15 cell. 

Casein BODP Y FL was introduced and fluorescence intensity was 
monitored 30 second after electroporation. The response-rate was 60 %, n=19. 
30 The enzyme activity can be correlated to the increase in fluorescence, which 
means that this method is suitable for screening and determination of enzyme 
activity in single cells. This can be useful for single for cell proteomics where 
differences in enzymatic activity would reveal phenotypes in a cell population. 
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Example 3 

Detection of the intracellular enzyme alk aline phosphatase 

Fluorescein diphosphate was obtained from Molecular Probes (Leiden, 
The Netherlands). The chemicals used for buffer solutions were all of analyti- 
5 cal grade and purchased from Sigma (St. Louis, MO, USA). All solutions were 
made in distilled water from a Milli-Q system (Millipore). 

Methods and procedures for cell culturing and preparation were the 
same as used in example 1. 

Electroporation was performed according to example 1. FDP was sup- 
10 plemented to the electrolyte at a concentration of 500 \iM. Parts of the sub- 
strate fluorescein diphosphate were already present as fluorescein. Therefore 
the cell was bleached during the electroporation event (pulse length 5 seconds, 
10 kV) plus 10 extra seconds after the pulse to eliminate excess fluorescein 
from the cells. Cells were viewed 30 seconds after the electroporation and 
15 thereafter in 30-second intervals. The EFC (30 cm long, 50 ^m id., 375 ^im 
o.d.) was moved from the cell before viewing. 

The apparatus and instrumentation was the same as used in example 1. 
The results of the identification of alkaline phosphate in untreated 
NG108-15 cells is shown in Figure 10. Fluoresceindiphosphate (FDP) was 
20 used to target the intracellular enzyme alkaline phosphatase that catalytically 
hydrolyses the phosphoester-bonds on the substrate so that that the highly 
green-fluorescent product fluorescein is formed in the cytosol, figure lOA-C.) 
A cell was chosen and the substrate fluorescein diphosphate (FDP) was sup- 
plemented to the electrolyte of the EFC. In figure lOA a high voltage pulse (5 
25 seconds, 1 0 kV) was applied. 30 seconds after the electroporation event the 
fluorescence was measured with a charged coupled device (CCD) camera. The 
substrate is non-fluorescent and the product fluorescent. The fluorescence ob- 
tained in the cell in figure lOB is therefore a proof of presence of the enzyme. 
The response rate was 70% (n-8). Figure IOC shows the same cell after 
30 the electroporation event. 



wo 03/046170 



PCT/SE02/02192 



25 
CLAIMS 

1. A method for parallel delivery of agents to a surface of a cell struc- 
ture and into the cytoplasm of the cell structure, comprising the following 
steps: 

5 (a) at least two electrolyte-filled tubes are provided together with a 

ground or counter electrode, 

(b) the electrolyte-filled tubes are connected to a voltage or current gen- 
erator, 

(c) at least one agent is introduced into the electrolyte solution contained 
10 in each electrolyte- filled tube, 

(d) the electrolyte-filled tubes are placed at close distance to the surface 
of a cell structure, 

(e) the agent(s) is/are transported through the electrolyte-filled tubes to 
the surface of the cell structure, 

15 ^ (f) an electric field of a strength sufficient to obtain electroporation of 
the surface of the cell structure is focused on the cell structure, resulting in 
formation of pores in the membrane surface of the cell structure, and 

(g) the agent(s) is/are transported through the pores formed in step (f) 
and into the cytoplasm of the cell structure, 

20 wherein steps (a-g) are performed in consecutive order, with the exception that 
the order of steps (b), (c) and (d) may be altered, and that the order of steps (e) 
and (f) may be altered. 

2. A method according to claim 1, wherein agents are delivered through 
pores formed in one cell structure. 

25 3. A method according to claim 1, wherein agents are delivered through 

pores foraied in different cell structures. 

4. A method according to claim 1, wherein each electrolyte-filled tube 
used comprises at least two agents, which are arranged in at least two discrete 
zones or bands each comprising at least one agent, enabling sequential delivery 

30 of agents through each pore. 

5. A method according to claim 4, wherein each tube contains at least 
two discrete zones or bands of at least one agents. 

6. A method according to claim 4 or claim 5, wherein each tube is 
loaded with the discrete zones or bands containing agents using a microfluidic 

35 switch. 
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7. A method according to any one of the claims 1-7, wherein the elec- 
trolyte-filled tubes contain several barrels or channels. 

8. A method according to claim 7, wherein the barrels or channels con- 
tain different agents. 

5 9. A method according to claim 7 or 8, wherein each barrel or channel is 

individually connected to an electrode. 

10. A method according to any one of the claims 1-9, wherein the 
electrical field is obtained by applying a voltage between the electrolyte filled 

10 tubes and the counter or ground electrode using a voltage generator. 

1 1 . A method according to any one of the claims 1 - 9, wherein the 
electrical field is obtained by applying a current between the electrolyte filled 
tubes and the counter or ground electrode using a current generator. 

12. A method according to any one of the claims 1-11, wherein the 
15 electrolyte-filled tubes are electrolyte-filled capillaries. 

13. A method according to any one of the claims 1-11, wherein the 
electrolyte-filled tubes are electrolyte-filled conically tapered tubes. 

14. A method according to any one of the claims 1-11, wherein the 
electrolyte-filled tubes are electrolyte-filled electrodes. 

20 1 5. A method according to any one of the claims 1-14, wherein the 

agent(s) is/are introduced into the electrolyte solution contained in the electro- 
lyte-filled tubes from the tip end using capillary forces or aspiration or suction. 

16. A method according to any one of the claims 1-15, wherein the 
agent(s) is/are comprised in the electrolyte in the electrolyte-filled tubes. 

25 17. A method according to any one of the claims 1-16, where the cell 

structure is contained in a cell bathing medium. 

1 8. A method according to any one of the claims 1-17, wherein an 
agent is a drug. 

19. A method according to any one of the claims 1-18, wherein the 
30 cell structure is a population of cells. 

20. A method according to any one of the claims 1-18, wherein the 
cell structure is a single cell. 

21. A method according to any one of the claims 1-19, wherein the 
cell structure is a tissue. 

35 22. A method according to any one of the claims 1-19, wherein the 

cell structure is an organ. 



wo 03/046170 



PCT/SE02/02192 



27 

23. A method according to any one of the claims 1-19, wherein the 
cell structure is an intracellular structure. 

24. A method according to claim 23, wherein the intracellular structure 
is an organelle. 

5 25. A method according to any one of the claims 1 ~ 24, wherein the 

cell structure is immobilized on a surface. 

26. A method according to any one of the claims 1 - 25, wherein the 
cell structure is contained in at least one well on a plate. 

27. A method according to any one of the claims 1 - 26, wherein the 
10 cell structure has been pretreated with a genetic method prior to step (f). 

28. A method according to claim 27, wherein the genetic method is a 
transfection method. 

29. A method according to any one of the claims 1 - 28, wherein the 
cell structure has been pretreated with a drug prior to step (f). 

15 30. A method according to any one of the claims 1 - 29, wherein the 

cell structure has been pretreated with an intemahzed dye or marker prior to 
step (d). 

3 1 . A method according to any one of the claims 1-30, wherein the 
tubes are additionally connected to a fluid delivery device. 
20 32. A method according to claim 3 1 , wherein the device is a micro- 

pump. 

33. A method according to claim 31, wherein the device is a peristaltic 

pump. 

34. A method according to claim 31, wherein the device is a gravita- 

25 tional pump. 

35. A method according to claim 31, wherein the device is a pneumatic 

pump. 

36. A method according to claim 31, wherein the device is a solenoid. 

37. A method according to claim 31, wherein the device is a pressure- 

30 driven pump. 

38. A method according to any one of the claims 3 1 - 37, wherein the 
fluid delivery device is used for transportation of the agent(s) into the electro- 
lyte-filled tubes. 

39. A method according to any one of the claims 31-38, wherein the 
35 fluid delivery device is used for transportation of the agent(s) into the cell 

structure. 
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40. A method according to any one of the claims 1 - 39, wherein the 
cell structure is a intracellular structure and the electrolyte filled tubes and the 
ground or counter electrode are arranged so that the ends of the tubes and the 
electrode are placed within a host cell containing the intracellular structure. 
5 41 . A method according to any one of the claims 1 - 40, wherein the 

electrolyte-filled tubes are connected to a voltage generator via at least one 
electrode. 

42. A method according to any one of the claim 1-41, wherein the 
voltage generator generates a voltage of from 10 mV to 100 V at the surface of 

10 the cell structure. 

43. A method according to claim 42, wherein the voltage is from 100 
mVtolOV. 

44. A method according to any one of the claims 1 - 40, wherein the 
electrolyte-filled tubes are connected to a current generator via at least one 

15 electrode. 

45. A method according to any one of the claims 1 - 44, wherein the 
current needed for electroporation is carried by an intra-electrodal electrolyte 
present in the tubes. 

46. A method according to any one of the claims 1-44, wherein the 

20 current needed for electroporation is carried by an electrically conductive layer 
on the electrolyte-filled tubes. 

47. A method according to claim 10 or 1 1, or any one of the claims 12 - 
46 when dependent on claim 1 0 or 1 1 , wherein the voltage or current is appHed 
as a pulse. 

25 48. A method according to claim 47, wherein the length of said pulse is 

from 0.1 i^s to several minutes. 

49. A method according to claim 48, wherein the length of the pulse is 
from 1 fis to 5 s. 

50. A method according to any one of the claims 1 - 49, wherein a pro- 
30 grammed electric field varying the strength and/or the wave form is used in 

step (f). 

51 . A method according to any one of the claims 1 - 50, wherein a 
pulsed electric field is used in step (f). 

52. A method according to any one of the claims 1-51, wherein the 
35 close distance in step (d) is less than 100 \xm: 
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53. A method according to any one of claims 1 - 52, wherein the diame- 
ter of the electrolyte filled tubes at the end closest to the cell structure is from a 
few nanometers to a few hundred micrometers. 

54. A method according to any one of claims 1 - 53, wherein the elec- 
5 trolyte-filled tubes are positioned by use of a micropositioner. 

55. A method according to any one of the claims 1 - 54, wherein at least 
one of the electrolyte-filled tubes is a hollow fused silica electrode. 

56. A method according to any one of the claims 1 - 54, wherein at least 
one of the electrolyte- filled tubes is a polymer electrode. 

10 57. A method according to any one of the claims 1 ~ 54, wherein at least 

one of the electrolyte-filled tubes is a fluorocarbon capillary such as a Teflon 
capillary. 

58. A method according to any one of claims 1-57 wherein an agent is 
a cell-impermeant agent. 
15 59. A method according to claim 58, wherein the cell-impermeant agent 

comprise a pharmaceutically active compound. 

60. A method according to any one of the claims 1 - 59, wherein an 
agent is an electrolyte. 

61 . A method according to any one of the claims 1 - 60, wherein an 
20 agent is a substance that activates receptors on the cell plasma membrane. 

62. A method according to any one of the claims 1-61, wherein an 
agent is an agent that affects intracellular chemistry. 

63. A method according to any one of the claims 1 - 62, wherein an 
agent is an agent that affects cellular physics. 

25 64. A method according to any one of the claims 1 - 63, wherein the 

agent(s) independently is/are selected from the group consisting of genes, gene 
analogs, RNA, RNA analogs, DNA, DNA analogs, colloidal particles, recep- 
tors, receptor ligands, receptor antagonists, receptor blockers, enzymes, en- 
zyme substrates, enzyme inhibitors, enzyme modulators, proteins, protein ana- 

30 logs, amino acids, amino acid analogs, peptides, peptide analogs, metabolites, 
metabolite analogs, oligonucleotides, oligonucleotide analogs, antigens, anti- 
gen analogs, haptens, hapten analogs, antibodies, antibody analogs, organelles, 
organelle analogs, cell nuclei, bacteria, viruses, gametes, inorganic ions, metal 
ions, metal clusters, polymers, and any combinations thereof. 
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65. A method according to any one of the claims 1 - 64, wherein the 
agent(s) is/are delivered into the cell structure by electrophoresis or 
electroosmosis. 

66. A method according to any one of the claims 1-65, wherein the 
5 electrolyte-filled tubes are arranged in a one-dimensional array or a two- 
dimensional array. 

67. A method according claim 66, wherein the array is microfabricated 
from a solid substrate into a chip device, the surface of said chip device having 
several openings each constituted by a tip end of an individual electrolyte- 

10 filled tube. 

68. A method according to any one of the claims 1 - 67, wherein each 
electrolyte-filled tube is individually controlled. 

69. A method according to any one of the claims 1 - 67, wherein the 
electrolyte-filled tubes are population-wise controlled. 

15 70. A method according to claim 68 or 69, wherein the electrolyte-filled 

tubes are controlled by a robotic device. 

71 . A method according to any one of the claims 1 - 70, wherein the 
cell structure can be translated in relation to the outlet ends of the electrolyte- 
filled tubes. 

20 72. A method according to claim 71, wherein the cell structure is trans- 

lated using a movable stage. 

73. A method according to claim 71 or claim 72, wherein the cell struc- 
ture is translated using a motorized stage. 

74. A method according to claim 72 or claim 73, wherein the stage is a 
25 microscope stage. 

75. A method according to any one of the claims 1 - 74, comprising a 
fiirther step (h) perforemed after step (g) wherein a response evoked by an 
agent in the cell structure is measured by detection of fluorescence. 

76. Use of a method according to any one of the claims 1 - 75 for gene 
30 transfection. 

77. Use of a method according to any one of the claims 1 - 75 for gene 
identification. 

78. Use of a method according to any one of the claims 1-75 for en- 
zyme identification. 

35 79. Use of a method according to any one of the claims 1-75 for pro- 

tein identification. 
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80. Use of a method according to any one of the claims 1 - 75 for recep- 
tor identification. 

81 . Use of a method according to any one of the claims 1 - 75 in bind- 
ing assays, enzyme assays, receptor assays, viral assays, bacterial assays, drug 

5 assays, and/or kinetic assays. 

82. Use of a method according to any one of the claims 1 ~ 75 in 
pharmacokinetics. 

83. Use of a method according to any one of the claims 1 - 75 in 
pharmacology. 

10 84. Use of a method according to any one of the claims 1 - 75 for modi- 

fication of a metabolic pathway and/or a signaling pathway. 

85. Use of a method accordmg to any one of the claims 1 - 75 for in vi- 
tro fertihzation. 

86. Use of a method according to any one of the claims 1 - 75 for nu- 
15 clear and/or organelle transfer. 

87. Use of a method according to any one . of the claims 1 - 75 for 
screening for receptors on the surface of the cell structure. 

88. Use of a method according to any one of the claims 1 - 75 for 
screening for receptors on the inside of the cell structure. 

20 89. Use of a method according to any one of the claims 1 - 75 in study 

of signaling systems inside the cell structure. 

90. Use of a method according to any one of the claims 1 - 75 in a sen- 
sor. 

91. Use of a method according to any one of the claims 1 - 75 in robot- 

25 ics. 

92. Use of a method according to any one of the claims 1 - 75 in a 
chemical computer. 

93. Use of a method according to any one of the claims 1 - 75 in a bio- 
logical computer. 

30 
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